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Regulation of proteome diversity by alternative splicing has been widely demonstrated in plants and
animals. NAGNAG splicing, which was recently deﬁned as a tissue speciﬁc event, results in the pro-
duction of two distinct isoforms that are distinguished by three nucleotides (NAG) as a consequence
of the intron proximal or distal to the splice site. Since the NAGNAG mechanism is not well charac-
terized, tools for the identiﬁcation and quantiﬁcation of NAGNAG splicing events remain
under-developed. Here we report nagnag, an R-based NAGNAG splicing detection tool, which accu-
rately identiﬁes and quantiﬁes NAGNAG splicing events using RNA-Seq. Overall, nagnag produces
user-friendly visualization reports and highlights differences between the DNA/RNA/protein across
the identiﬁed isoforms of the reported gene. The package is available on https://sourceforge.net/pro-
jects/nagnag/ﬁles/; or http://genome.sdau.edu.cn/research/software/nagnag.html.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Structural and functional protein diversity is tightly regulated
with a mechanism widely pronounced as alternative splicing (AS)
with model plants such as Arabidopsis thaliana attributing more
than half of the observed plasticity in proteome diversity to the
underpinning alternative splicing events [1,2]. With the recent
advents in the next generation sequencing (NGS) technologies,
and availability of the reference genomes, cross-species and among
accessions of same species suggests a wide divergence in the AS
rates, including intron retention [7,9,16,19,31] and exon skipping
[8]. In addition, to the previously reported major forms of the splic-
ing events, recent reports suggest occurrences of the exo-endo
transplicing as a new mechanism to alter the protein diversity
[17]. NAGNAG splicing mechanism, resulting in the production of
the two distinct isoform distinguishable by three nucleotides
(NAG), is a speciﬁc form of alternative acceptor site. It was ﬁrst
identiﬁed as key splicing mechanism [10,21,26,33,34] accountingfor around 20% of the proteome plasticity and also tissue speciﬁc
splicing events [3,4]. Recent reports indicated the role of
NAGNAG splicing mechanism as a potential phenotypic modiﬁer
[34], association with human long intergenic non-coding RNAs
(lincRNA) with tissue-speciﬁc property [28] and playing diverse
roles in several physiological processes such as signaling [6], cellu-
lar localization [29], DNA binding [30], protein binding [15] and its
wide spread prevalence across several species such as 6% of all
introns and 21% of all annotated genes in A. thaliana harbor a geno-
mic NAGNAG acceptor motif [22] as compared to human, where 5%
of introns and 30% of genes harbor such a motif [10]. Schindler
et al. [22] reported the abundance of the alternatively spliced
NAGNAG in genes coding for proteins with RNA-recognition motifs
(RRMs), suggesting the regulation of the splicing ratio of the
NAGNAG derived splice-variants in heat and cold shock across SR
and SR-related genes. Although NAGNAG splicing mechanism has
been shown to be evolutionary conserved across A. thaliana,
Oryza sativa and animals [12,13], however the conservation of
the observed NAGNAG motifs as identiﬁed in the Physcomitrella
patens and A. thaliana has not been observed at the intron level
[27].
Transcriptomics (RNA-Seq) using the NGS sequencing chem-
istry has played a pivotal role in elucidating and delineating the
identiﬁcation and regulation of the splicing mechanism [5].
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Fig. 1. An overview of the NAGNAG motif.
Fig. 2. Analytical workﬂow of nagnag package from identiﬁcation to the full
quantiﬁcation of NAGNAG splicing motifs.
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age and expression supportive unraveling of the AS events, several
tools have been developed to address the identiﬁcation of the sev-
eral major forms of the AS, which includes bayesian based methods
to infer the AS using the MATS [23]; rMATs [24], Diffsplice [11],
SpliceSeq with focus on differential splicing of major AS events
and its potential functional impacts [18], de novo AS caller
KISSPLICE [20], and Alt event ﬁnder [32]. Development of these
tools has signiﬁcantly advanced the detection of the differential
AS events to assessment of the functional impacts. However, none
of the previously developed package classiﬁes and quantiﬁes
NAGNAG splicing events using the RNA-Seq data except the previ-
ously developed Bayesian Network approach [23]. Lacking of the
proper platform for the detection of NAGNAG splicing signiﬁcantly
hinders the identiﬁcation and quantiﬁcation of this intriguing
splicing mechanism, which can potentially induce the
pre-mature stop codon (PTCs) and non-sense mediated decay
(NMD) [34]. The lack of this knowledge gap prompted us to
develop the nagnag package for the accurate identiﬁcation and
quantiﬁcation of NAGNAG splicing events using the RNA-Seq data
based on our previous work [25,28]. The R-based tool reported in
the present research accurately identiﬁes and quantiﬁes NAGNAG
splicing events with or without available genome annotation.
Additionally, using the replication RNA-Seq data, it identiﬁes the
differential NAGNAG splicing events and also supports for the visu-
alization of NAGNAG splicing events in user-friendly format.
2. Material and methods
2.1. RNA-Seq resources and analytical workﬂow
To demonstrate the identiﬁcation of NAGNAG splicing events
using the nagnag package, one RNA-Seq data set (SRR352212) for
A. thaliana was downloaded from NCBI Sequence read archive.
For the identiﬁcation of NAGNAG splicing events, nagnag package
performs two steps of analysis: (1) the ﬁrst step focuses on gather-
ing NAGNAG splicing events by: (a) searching all the alternative
donor/acceptor sites from a standard GTF/GFF ﬁle containing tran-
script information; (b) identifying all NAGNAG splicing sites; (c)
counting RNA-Seq reads for NAGNAG splicing events; (d) identify-
ing isoform sequences and (2) the second step offers the visualiza-
tion of the summary statistics and NAGNAG splicing events
identiﬁed in the ﬁrst step.
2.2. Availability of the package
The package is freely available from https://sourceforge.net/
projects/nagnag/ﬁles/ or http://genome.sdau.edu.cn/research/soft-
ware/nagnag.html along with a detailed user guide and working
example. The developed nagnag package requires BiocGenerics,
Rsamtools, Biostrings, IRanges, GenomicRanges from
Bioconductor and CRAN packages ggplot2 for making the visualiza-
tion reports.
2.3. NAGNAG splice site identiﬁcation
For the identiﬁcation of NAGNAGmotifs (Fig. 1), nagnag package
requires the genome annotation in standardGTF/GFF as described at
UCSC (https://genome.ucsc.edu/FAQ/FAQformat.html#format3);
genome FASTA ﬁles for corresponding species and RNA-Seq reads
mapped on the genome in binary alignment matrix (BAM) format.
NAGNAG takes sorted and indexed BAMﬁles, which can be obtained
using the SAMtools. A complete workﬂow of nagnag package is
described in Fig. 2. For the mapping of the RNA-Seq reads, werecommend TopHat, which is a genome guided transcriptome
assembler and uses bowtie as aligner [14] using the following
parameters: ‘‘--max-multihits 1’’ for eukaryotic genomes, which
allows for unique mapping, and reduces alignment ambiguity as
previously reported [25]. Additionally, we recommend customizing
the parameter ‘‘min-intron-length’’ based on the available informa-
tion of the genome repetitiveness, complexity and predictable
intron-spanning occurrences across the genome. In case of A. thali-
ana, we recommend users to use ‘‘--min-intron-length 20’’ as
previously reported [25]. Based on the user supplied information,
nagnag package will extract the corresponding NAGNAG motifs
from alternative acceptor sites, which are deﬁned as alignment of
the two different junction readswere aligned to the same splice site,
including NAGNAG acceptors based on the junction reads. For the
accurate calling of the NAGANAG splicing sites, and to avoid the
alignment bias, using TopHat, we recommend users to have reads
with at least 8 nt bases on each side of the junction, with
no-mismatch allowed for the reads supporting these junctions. For
the accurate prediction of the NAGNAG acceptor site, nagnag pack-
age requires at least four non-duplicate junction reads having the
same 50 splice site, out of whichminimum two reads should provide
the read mapping support to the ﬁrst NAGNAG splice site while the
other two shows the mapping support for the second NAGNAG
splice site to avoid PCR artifacts. In addition, users can adjust this
conﬁguration based on the research goal by screening the results
with proper number of reads.
Fig. 3. Classiﬁcation of the NAGNAG events in the CDS and 50 and 30 UTRs.
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To estimate the expression proﬁles of the genes containing
NAGNAG motifs, nagnag package uses the read count information
by calling Rsamtools and IRanges. For the estimation of the expres-
sion values, it takes into account the duplicate read counts and
quantiﬁes the expression of NAGNAG motifs or the 30 splice site
of exons using the following criteria: (1) the splice site should pos-
sess a NAGNAG pattern; (2) exonic splice-site boundary should
have the mapped RNA-Seq reads to demonstrate read-based cover-
age. For inferring the statistical expression estimation of the
NAGNAG acceptors, nagnag package estimates the log ratio or log
fold change of two NAGNAG sites from the same NAGNAG acceptor
using the ratio = log2(site1/site2) where site1 is the number of
mapped RNA-Seq reads at the ﬁrst NAGNAG splice site; site2 is
the number of the mapped RNA-Seq reads at the second
NAGNAG splice site. Additionally, we implemented a binomial test
for estimating the statistical signiﬁcance of the observed site1 and
site2. Nonetheless, implementation of the plotting algorithm
‘‘nagnagVis’’ function allows users to visualize the signiﬁcance
for different NAGNAG splice site.
3. Results and discussion
3.1. NAGNAG splice site and CDS/UTR
Alternative 30 acceptor splicing plays an important role in the
structural and functional diversity of the protein isoforms [10].
NAGNAG splicing mechanism has recently been shown to be asso-
ciated with the generation of the premature termination codons
(PTC) as an indel consequence of three nucleotides [34].
Previously Bayesian Network approaches have been used to pre-
dict NAGNAG splicing mechanism [23]. Recently, [3] using the tis-
sue speciﬁc RNA-Seq reported the widespread proteome
differences and postulated the wide prevalence of NAGNAG alter-
native splicing as a major splicing phenomenon. Additionally, the
evolutionary signiﬁcance and potentially intronic locations and
phasing interrupting the coding sequences have been shown to
widely affect the observed protein diversity [3]. Realizing the asso-
ciation of NAGNAG splice events to the genome-predicted CDS, we
deployed an additional feature in the nagnag package to show the
association of the predicted NAGNAG splicing events using the
gene based CDS localization information from the user supplied
GTF/GFF ﬁle and the alternative splice site predictions. To associate
the predicted NAGNAG splicing events with CDS/UTR, nagnag
package scans the alternative splice sites of the NAGNAG acceptor
and classiﬁes the event associated with 50 untranslated region (50
UTR) or the 30 untranslated region (30 UTR) as 50 or 30 UTR acceptor
or if the both observed sites are located within the CDS, nagnag
package classiﬁes the event as associated with CDS (Fig. 3).
3.2. Offered functionalities across the nagnag package
(a) Detecting alternative donor/acceptor sites
Based on the transcript information provided from GTF/GFF ﬁle,
nagnag package extracts all the identiﬁed alternative donor or
acceptor sites. To avoid ambiguity in detection of the alternative
acceptor sites, the overlapping splicing junctions from different
genes are overlooked. In addition, to avoid read-mapping bias
towards speciﬁc isoforms, all the transcripts involved in the
detected splicing junctions are tabulated in the ﬁnal results.
(b) Detecting NAGNAG and reads based analysis of NAGNAG
alternative splicing sites
There are two approaches to detect NAGNAG splicing sites from
RNA-Seq reads. The ﬁrst approach is based on the reference set ofNAGNAG splicing sites identiﬁed from the previous step, and
selects only those isoforms, which have triple-nucleotide differ-
ence in the acceptor sites, and match ‘‘NAGNAG’’ sequence pattern
as previously described [25]. The second approach is a de novo
analysis. It will identify and select ‘‘two types’’ of junction reads,
which have the same donor sites, but have triple-nucleotide differ-
ence at the acceptor sites with any sequence pattern. Each type of
the reads must be supported by at least two independent reads
that are not duplicates to avoid PCR bias. For the de novo analysis,
the package will detect novel NAGNAG splicing sites that are not
supported by transcripts from current GTF/GFF ﬁles.
(c) Identifying isoform difference
Based on the user supplied GTF/GFF ﬁles, the package extracts
the sequence coordinates for different transcripts, and translates
them to DNA, RNA or protein sequences according to the users’
request. To pinpoint the associated transcript isoform differences
at the NAGNAG alternative splicing sites, naganag package scans
the isoforms for the splicing introduced changes using two embed-
ded functions in the package: (1) ﬁrstSeq: this function scans the
ﬁrst part of the transcripts that are upstream of NAGNAG splicing
sites, and are not involved in NAGNAG alternative splicing; (2)
lastSeq: this function scans the last part of the transcripts that con-
tains NAGNAG splicing sites and are involved in the NAGNAG alter-
native splicing. In addition, this step also provides the speciﬁc
sequence difference between two isoforms due to the NAGNAG
alternative splicing. The goals of splitting sequences into ﬁrstSeq
and lastSeq are twofold: (1) it helps users to understand the amino
acid difference at NAGNAG splicing site; (2) it also facilitates to
identify NAGNAG acceptors as NAGNAG+ or NAGNAG++ ones [25].
(d) Summarizing and visualizing the splicing results
To summarize and visualize the results, nagnag package offers
some summary and visualization functions for the detected alter-
native splicing sites (Fig. 4a), the detected NAGNAG splicing sites
(Fig. 4b) and to browse the associated expression proﬁles
(Fig. 4c) and associated statistical signiﬁcance (Fig. 4d) associated
with the identiﬁed NAGNAG splicing events. Additionally, it pro-
vides the summary statistics for the splicing sites, and associated
and observed NAGNAG splicing sites with speciﬁc sequence pat-
terns using the package ‘‘ggplot2’’ (Fig. 5).
3.3. Schematic code description for the identiﬁcation of NAGNAG motif
and quantiﬁcation of NAGNAG splicing using nagnag package
To demonstrate the feasibility of NAGNAG splicing events
across the species, we explained how to analyze RNA-Seq data
set for both human and Arabidopsis in the vignettes attached with
Fig. 4. Visualization reports from nagnag package: (a) frequency of the AltD and AltA sites; (b) frequency of the NAGNAG sequences and (c) expression based on read count
for the identiﬁed NAGNAG motifs.
Fig. 5. Demonstration for one NAGNAG alternative splicing event (TAGAAG) discovered by RNA-Seq reads.
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website.
4. Conclusion
To conclude, we provide an R-based tool ‘‘nagnag’’ for the pre-
diction and quantiﬁcation of the NAGNAG alternative splicing
events using the RNA-Seq data. The proposed tool ﬁlls a gap in
the development of the tools for the accurate estimation of
NAGNAG splicing events and provides the user-friendly summary
reports and visualization of NAGNAG splicing events, along with
read mapping support, which can be easily incorporated into an
automatic pipeline for exploring the alternative splicing or visual-
ization of the coverage proﬁles. In addition, the tool is capable of
identifying and classifying the differential NAGNAG splicing
events. Taken together all these conclusions, we believe that nag-
nag R package will ﬁll the gap in the identiﬁcation and quantiﬁca-
tion of NAGNAG splicing events leveraging the high throughput
RNA-Seq.
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